Photon-Photon Entanglement with a Single Trapped Atom 
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An experiment is performed where a single rubidium atom trapped within a high-finesse optical 
cavity emits two independently triggered entangled photons. The entanglement is mediated by the 
atom and is characterized both by a Bell inequality violation of S = 2.5, as well as full quantum- 
state tomography, resulting in a fidelity exceeding F = 90%. The combination of cavity-QED and 
trapped atom techniques makes our protocol inherently deterministic — an essential step for the 
generation of scalable entanglement between the nodes of a distributed quantum network. 

PACS numbers: 03.65.Ud, 03.67.Bg, 42.50.Pq, 42.50.Xa 



Of all the technologies currently being pursued for 
quantum information science, individually trapped atoms 
are among the most proven candidates for quantum in- 
formation storage [l[. Photons, on the other hand, are 
the obvious choice for carriers of quantum information 
over large distances. Together, this naturally leads to an 
atom-photon interface as an ideal node for distributed 
quantum computing networks [H, [3j 3 ■ Progress towards 
the construction of such quantum networks has been re- 
cently achieved in experiments entangling single atoms 
trapped in a free-space radiation environment with their 
spontaneously emitted photons 0,S[l,01i however, high 
photon loss rates in the emission process severely limit 
their usefulness for quantum information processing pro- 
tocols 0. For scalable atom-photon based quantum in- 
formation processing, it is necessary to increase this en- 
tanglement efficiency. The most promising method to 
accomplish this is to combine the advantages of trapped 
atom entanglement techniques with cavity quantum elec- 
trodynamics where both atomic and photonic qubits are 
under complete control 




In this Letter, we demonstrate a deterministic entan- 
glement protocol with a single atom trapped in an opti- 
cal cavity and two subsequently emitted single photons. 
Compared to previous entanglement experiments with a 
probabilistic transit of atoms through a cavity our 
results increase the atom-cavity interaction time, and 
therefore also the number of successful atom-photon en- 
tanglement events from a single atom, by a factor of 10^. 
The long trapping times shown here also allow us to en- 
sure that exactly one atom is within the cavity at a given 
time. This is critical for the generation of high-fidelity en- 
tangled states, and is not possible with atoms randomly 
loaded into a cavity Furthermore, the highly efficient 
photon collection in the cavity output mode allows for 
photon detection efficiencies that are more than an order 
of magnitude greater than in free-space atom-photon en- 
tanglement experiments 0]- This also allows for the 
coherent mapping of the atomic quantum state onto the 
state of a second photon. The resulting entanglement is 
verified by a Bell inequality measurement between the 
two emitted photons [l3|, and is in convincing violation 



FIG. 1: Individual Rb atoms are trapped within the TEMoo 
mode of a high-finesse optical cavity (finesse 3 x 10'') at the 
intersection of two standing-wave dipole trap beams. Lin±hn- 
polarized laser beams orthogonal to the cavity axis provide 
motional cooling, while additional beams for optical pumping 
and the creation of entangled photons are polarized along the 
cavity axis and independently directed onto the atom. The 
cavity output is coupled into an optical fiber and directed 
to the photonic state detection apparatus. Perpendicular to 
the cavity axis, a CCD camera is used to monitor the atoms 
within the trap. The displayed image shows three atoms cou- 
pled to the mode of the cavity and aligned along the 1030 nm 
beam. SPCM: single photon counting module, NPBS: non- 
polarizing beam splitter, PBS: polarizing beam splitter, A/4: 
quarter- wave plate, A/2: half- wave plate. 



of classical physics. 

The main element of our experimental apparatus is a 
coupled atom-cavity system, as shown in Figure [TJ Cold 
^^Rb atoms are trapped at the intersection of two or- 
thogonally aligned standing-wave beams — a 1030 nm 
beam focused in the cavity mode with a trap depth 
of « 2.3 mK and an intracavity standing-wave trap at 
785 nm with a trap depth 



of 



30 ^lK [lOl, [IJ. To 



gether, these traps create a measured ac-Stark shift of 
the atomic 5Si/2 5P3/2 transition frequency of ap- 
proximately -1-95 MHz. In addition to providing a sec- 
ond trapping axis, the 785 nm laser is used to stabilize 
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FIG. 2: The experimental procedure, (a) When atoms are first loaded into the cavity, a 300 ms laser pulse is applied for optical 
cooling. During this time, the cavity mode is simultaneously imaged with a camera to confirm the presence of a single atom, 
(b-e) The entanglement generation protocol runs at a repetition rate of 50 kHz. (b) Atomic re-cooling, (c) A vr-polarized laser 
resonant with the F=2 ^ F'=2 laser together with resonant lasers on the F—1 <-> F'=l and F=l ^ F'=2 transitions optically 
pump the atom to the \F=2, juf—O) Zeeman sublevel. (d) A 7r-polarized F=2 ^ F'=l laser transition generates atom-photon 
entanglement, (e) After a time At, a yr-polarized F—1 <^ F'=l laser subsequently maps the quantum state of the atom onto 
a second photon. 



the cavity length to the Stark-shifted D2 F=l ^ 
transition. 

The atom-cavity system operates in the intermediate 
coupling regime with ((7,K,7)/27r = (5,6,3) MHz, where 
g denotes the maximum (spatially dependent) atom- 
cavity coupling constant of the relevant transitions, n 
is the cavity field decay rate, and 7 is the atomic po- 
larization decay rate. Once atoms are loaded into the 
cavity mode, they are cooled via lin_Llin-polarized laser 
beams orthogonal to the cavity axis and near resonant 
with the F=2 ^ F'=3 and F=l ^ F'=2 transitions us- 
ing a Sisyphus-like coohng mechanism [Fig.[2lla)] [3,E3|- 
A laser addressing the F—1 ^ F'~l transition is also ap- 
plied for cavity enhanced cooling and to create photons 
in the cavity mode. Photons emitted from the cavity 
output are coupled into an optical fiber and directed to 
the photon detection setup. 

For high-fidelity entanglement generation, it is impor- 
tant to ensure that exactly one atom is in the cavity. This 
is accomplished via two independent techniques. First, 
we count the number of trapped atoms by directly imag- 
ing the cavity region (Fig.[l]and[2|). A portion of the light 
scattered by the atoms into free space (perpendicular to 
the cavity and trapping axes) is collected using an objec- 
tive lens with a numerical aperture of 0.43, focal length 
of 25 mm, and a measured resolution of 1.3 /xm. The col- 
lected light is focused onto a CCD camera with a total 
magnification of about 28. While this technique alone 
can determine the number of atoms with over 90% cer- 
tainty, we further confirm that we have trapped only one 



atom by analyzing the statistics of the emitted photon 
stream. In particular, only if there is exactly one atom 
in the trap will the cavity output show a perfect pho- 
ton antibunching signal [lOj]. The combination of these 
two techniques allows us to discern that a single atom is 
trapped within the cavity with greater than 99% fidelity. 

The experimental procedure follows a similar protocol 
to that used in but with several substantial differ- 
ences (Fig. [5]). First, the trap-induced Stark shift of the 
atomic energy levels must be taken into account by de- 
tuning the laser and cavity frequencies. Second, the Stark 
shift has to be stabilized in order to keep the experimen- 
tal conditions constant, otherwise the fluctuations can 
lead to unwanted transitions to nearby hyperflne levels 
of the P3/2 manifold. Moreover, a variable detuning of 
laser and cavity from the atom decreases the photon gen- 
eration efficiency. An additional concern is the random 
motion of the atom in the dipole trap. Such motion re- 
sults from the unidirectional laser pulses employed in the 
entanglement sequence (discussed below) and shortens 
the coherence time of atomic superposition states [l6| . 
In fact, these laser pulses lead to significant heating, ex- 
pelling the atom from the trap within a few milliseconds. 
We find that by embedding each entanglement sequence 
with an additional cooling interval [Fig. [IJb)] , the atoms 
remain sufficiently cold to allow for long trapping times 
and high-fidelity entanglement generation. 

Following this cooling interval, the entanglement pro- 
tocol starts by optically pumping the atom into the 
|F, ttif) = |2, 0) Zeeman sublevel with a measured effi- 
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ciency greater than 80% [Fig. HJb)] Next, entan- 

glement between the atomic Zeeman state and the po- 
larization of the emitted photon is created by driving 
a vacuum-stimulated Raman adiabatic passage (vSTI- 
RAP) via a 7r-polarized laser pulse addressing the Stark- 
shifted F=2 ^ F'=l transition and the cavity frequ ency 
locked to the F=l ^ F'=l transition [Fig. [^d)] 0. 
With the atom trapped and coupled to the high-finesse 
optical cavity, the resulting entanglement is inherently 
deterministic [H, 0|: 
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|l,-l)|a+)-|l,+l)|a-)). 



(1) 



After a user-selected time interval, the atom-photon en- 
tanglement is converted into a photon-photon entangle- 
ment via a second vSTIRAP step with a 7r-polarized 
F=l ^ F'=l laser pulse [Fig. [IJe)]. This maps the 
atomic state onto the polarization of a second emitted 
photon, resulting in an entangled photon pair: 

I^APP) = [1,0)0 |*pp) 

^_L|i,o)®(|a+)|a-)-|a-)|a+)). (2) 

We characterize our entanglement by measuring a Bell 
inequality violation of the two emitted photons [l3| . The 
form of Bell inequality violated here was first prop osed 
by Clauser, Horne, Shimony, and Holt (CHSH) [l^, and 
is based on the expectation value E{a,f3) of correlation 
measurements in different bases: 



(3) 



Here, pij (a, j3) is the probability to contiguously find pho- 
ton 1 in state \i) and photon 2 in state |j) following polar- 
ization rotations by an amount a and (3, respectively, and 
{t,i} represent the two output ports of the polarizing 
beam splitter. CHSH show that all local hidden-variable 
theories must obey the inequality 

S{a,a'-p,(3')=\E{a\P')-E{a,P')\ 

+ \E{a',P)+E{a,P)\<2. (4) 

This inequality can only be violated via quantum physics. 
In particular, our entangled state I^Ppp) allows for a Bell 
signal as large as 2\/2. 

In our experiment, the two photons are emitted into 
the same spatial output mode and are probabilistically 
directed to the two different measurement bases by a 
50/50 non-polarizing beam splitter (Fig.[T]). This allows 
for two simultaneous Bell inequality measurements. To 
eliminate possible systematic effects during the course of 
the experiment, the polarization measurement bases are 
changed before every atom trapping event via motorized 
rotation stages. With the photon pairs measured in a 



FIG. 3: Real and imaginary parts of the measured two-photon 
density matrix. This density matrix represents the j^pp) Bell 
state of the photons with a fideUty of = 0.902 ± 0.009. 



combination of four different polarization bases, we ob- 
tain Bell signals of 

5(0°, 45°; 22.5°, -22.5°) = 2.46 ± 0.05 and 
5(22.5°, -22.5°; 0°, 45°) = 2.53 ± 0.05, 

both in clear violation of the classical limit of 2 by more 
than 9 standard deviations. In this experiment, the pho- 
tons are temporally separated by 0.8 /xs and the optical 
path length between the cavity and the photon detectors 
is 13 meters. Therefore, the first photon is detected be- 
fore the generation of the second. Nevertheless, the fact 
that the measured correlations violate a Bell inequality 
can only be explained by quantum entanglement, where 
the non-classical information between the two photons 
is temporarily stored in the single trapped atom. This 
is similar to experiments with atomic ensembles where 
the atomic qubit state must be converted to a photon for 
measurement [2^ 21 1 . 



The entangled state is additionally characterized via 
quantum state tomography of the emitted photons . For 
this, we follow the procedure outlined in |22l [ and mea- 
sure the entangled photons in nine different polarization 
bases. The resulting density matrix for the two photons 
separated by 0.8 /xs is shown in Figure [3] with an en- 
tanglement fidelity of F = 0.902 ± 0.009 with respect 
to the I'I'pp) Bell state of the photons (equation [2]), 
clearly above the classical limit of F = 0.5. Other cal- 
culated measures of entanglement for this state include 
the concurrence C = 0.81 ± 0.03, entanglement of for- 
mation Ep ~ 0.73 ± 0.04, and logarithmic negativity 
En = 0.867 ± 0.014. They are all significantly above 
their classical limit of zero and close to their maximum 
of 1 for a two-qubit state [23[ . From the measured density 
matrix, we can also infer a Bell signal oi S = 2.47 ±0.04, 
consistent with the results given above. 

With the atom trapping lifetimes in this experiment of 
« 4.1 seconds, the separation between the entangling and 
mapping pulses is currently limited only by the coherence 
time of the atomic qubit. This coherence is determined 
by measuring density matrices as a function of time be- 
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FIG. 4: Measured fidelity and logarithmic negativity as a 
function of time between the two vSTIRAP sequences. Note 
that this data is independent from that shown in Figure [3] 
The solid line is a Gaussian fit to the negativity N{At), dis- 
played as EN{At) = log2(2A''oe"''^*''^'='^ +1), with a resulting 
entanglement lifetime of Te = 5.7±0.2 /is. The insets show the 
real parts of the density matrices at differing values of At, (all 
imaginary parts have a magnitude smaller than 0.14). The re- 
sults indicate that the entanglement lifetime is limited mainly 
by a loss of phase coherence between the |1, — 1) and |1, +1) 
states. 



tween the two pulses, At. We obtain an entanglement 
lifetime of ~ 5.7 ± 0.2 ^s (Fig. [5]), limited by phase 
noise between the two atomic Zeeman states. This phase 
sensitivity is evident by the decreasing off-diagonal co- 
herence terms in the density matrix while the diagonal 
components remain nearly constant (Figures [3] and [4]). 
This can also be seen from the decay of the fidelity to 
50%, and not 25% as would be the case for a completely 
mixed state. 

Our measured entanglement lifetime is comparable 
to lifetimes observed in atomic ensemble experiments 
1,0, El, [23. In our experiment, the limiting mech- 
anisms are magnetic field instabilities (~ 20 mG) and a 



variable differential ac-Stark shift of the atomic super- 
position states. The differential Stark shifts are due to 
motion of the atom together with intensity fluctuations 
of the cavity stabilization laser (~ 10%) and an uncom- 
pensated circular polarization component of the trapping 
lasers (~ 2%). With an active stabilization of the mag- 
netic field and optimized laser parameters, this lifetime 
may be increased to over 100 ^s Additionally, by 
converting the atomic qubit to clock states, the coher- 
ence time of a single atom trapped in a standing-wave 
can be increased to hundreds of ms [l6| . 

In addition to the effects mentioned above, the fidelity 
of the entanglement is further limited by imperfect polar- 
ization control in the optical path to the detection setup, 
dark counts of the photon detectors, and multiple scat- 
tered photons during the second pulse. Indeed, by limit- 
ing our photon detection window to include only the first 
40% of the second photon pulse, wc observe an increased 



fidelity of F = 0.932 ± 0.014, albeit with a reduced coin- 
cidence rate. However, with the incorporation of a fast 
excitation scheme [i^ and improved cooling and cavity 
parameters, many of these effects can be dramatically 
reduced. 

Finally, the most important aspect for scalable atom- 
photon networking is the overall success probability. 
Here, with a single atom in the cavity, the probability 
of detecting a two-photon event is about w 2.4 x 10~^, 
as the probability of emitting a single photon into the 
cavity mode during the entangling pulse and the proba- 
bility of further emitting a photon during the mapping 
pulse are each « 8.6%, and the detection efficiency for a 
single photon present inside the cavity is ~ 0.2. This re- 
sults in w 370 produced entangled two-photon pairs per 
second, of which w 12 are detected. These values are 
largely limited by the non-optimal atom-cavity coupling 
due to atomic motion, optical pumping inefficiencies, and 
photon loss mechanisms, including a 50% cavity absorp- 
tion loss due to a mirror defect. While an atom trapped 
within an optical cavitycan in principle generate photons 
with unit efficiency , these results still compare well 
to free-space single atom entanglement experiments with 
detection probabilities for two subsequent single photons 
< 5 X 10"^ 0,13. 

Our entanglement scheme may also be extended to 
many-photo n [2611 and many-atom entanglement proto- 



cols [271, |28|, |29|, as well as schemes for quantum tele- 
portation, quantum repeaters [sO], and a loophole-free 
Bell inequality violation. Finally, with the recent comple- 
tion of a second, independent trapped-atom-cavity sys- 
tem in our group [25| . the demonstration of highly ef- 
ficient remote-atom entanglement should be possible in 
the near future. 
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